Abstract: The role of glutamine (GLN) supplementation in critically ill patients is controversial. Our aim was to analyze its potential effect in patients admitted to intensive care unit (ICU).
INTRODUCTION

T
here is clear and sufficient evidence from preclinical and phase 2 clinical studies to suggest that glutamine (GLN) plays a central role of in several key metabolic pathways involved in the proper function of many organs. 1 Moreover, GLN has been recognized as an essential substrate and the principal metabolic fuel for rapidly dividing cells, such as enterocytes, lymphocytes, and macrophages. For these reasons, although GLN is classified as a nonessential amino acid, it is commonly described as a conditionally essential amino acid in hypemetabolic states. 2 During critical illness and the subsequent catabolism and inflammation, GLN plasma levels decrease and this relative deficiency has been associated with increased mortality in intensive care units (ICU). 3, 4 Therefore, the rational to supplement ICU patients with GLN has been emphasized repetitively. 5 Indeed, GLN administration in critically ill patients has been associated with reduced mortality in several reports. [6] [7] [8] However, large recent randomized clinical trials (RCT) 9 were not able to confirm such an effect or even reported a trend to an harmful outcome. 10 Since previous meta-analyses [11] [12] [13] did not include the latest RCTs, [10] [11] [12] [13] [14] the results of GLN supplementation in critically ill patients need to be updated by a more comprehensive meta-analysis to accept or reject the potential benefits of GLN.
METHODS
This research was conducted by following the guidelines and the PRISMA statement for reporting systematic reviews and meta-analyses of studies evaluating healthcare interventions. Ethical approval was not necessary according to local legislation because of the type of study (meta-analysis).
illness,'' ''intensive care unit,'' ''seriously ill,'' ''critical patients,'' ''surgical intensive care unit'' ''SICU'' ''ICU.' ' The ''related article'' function was used to expand the search and the reference lists of articles selected for full-text review were searched for additional articles. In the event of overlap of authors, institutions, or patients, the most recent or highest quality article was chosen.
Study Selection
The term ''glutamine supplementation'' was defined as any treatment containing GLN or GLN dipeptide in combination or not with any form of artificial nutrition as reported in the articles reviewed.
We included trials with the following eligibility criteria:
Studies enrolling patients with age >18 years. Patients admitted to ICUs. Randomized trials with parallel group. GLN supplementation. Trials reporting at least 1 of the outcomes considered in the meta-analysis. English language.
We considered all studies irrespectively if GLN was given with parenteral or enteral nutrition, or no artificial nutritional support. We also included studies with control groups who did not received isonitrogenous/isocaloric regimens.
We excluded trials with the following criteria:
GLN combined with other nutrients with potential immunometabolic activity (ie, arginine, nucleotides, and omega-3 fatty acids).
No full-text available articles, opinion pieces, and editorials. Burn patients, because of their particular clinical features and because of a recent review focusing this specific group of patients. 15 
Data Extraction
An electronic database was created to collect all relevant trial data. The data were extracted independently by 2 investigators (MO and MS) and in case of disagreement 2 superpartes referents (LG and LN) cross-examined doubtful data and the decision was made after consensus meeting. Agreement between authors was calculated in order to investigate the risk of bias (Cohen k ¼ 0.88).
Information extracted from the trials involved: first author, country of origin, year of publication, number of patients randomized, type of nutritional support, GLN dosage, route of administration, and period of supplementation, regimen of the control groups, Acute Physiology and Chronic Health Evaluation (APACHE) score, Sequential Organ Failure Assessment (SOFA) score and number of patients in shock at study entry, intention-to-treat (ITT) reporting, double, single or no blindness, and the different outcome measures.
The primary purpose of this meta-analysis was to evaluate if GLN supplementation could affect mortality. As primary relevant outcomes we assessed the rate of in-hospital and ICU mortality. As secondary endpoint of the analysis we considered the rate of infectious morbidity, the length of inhospital stay (IHS) and ICU stay (ICUS). All studies reporting on infection defined it as positive specimen culture.
Study quality was assessed by 2 independent reviewers (SC and LN) according to the Jadad score. 16 
Statistical Analysis
We performed a random-effects meta-analysis 17 for each outcome of interest. For categorical outcomes (mortality, infectious morbidity) the effects size was estimated by the risk ratio (RR), while for continuous outcome (length of stay) the mean difference (MD) was used. In the calculation of the pooled RR, a correction factor of 0.5 was added to all cell frequencies of studies where no patient had the outcome in either GLN or control groups. We made sure of the absence of any possible bias due to sparse data by applying also the fixed method of Peto (results not shown) which confirmed the results of the present analysis. 18 Mean and standard deviation of length of stay was calculated according to method of Hozo et al 19 for the studies where only median and range (or interquartile range) were reported. The weights assigned to each study were computed according to the inverse of the variance. Heterogeneity was quantified using I 2 and t 2 indexes and testing the null hypothesis that all studies share a common effect size. We used I 2 ¼ 30% as a threshold to establish the presence of moderate heterogeneity. Moreover, we investigated the presence of publication bias using funnel plots. 20 Finally, some stratified analyses were performed according to the following indicators: GLN dosage (>0.3 g/kg/day or 0.3 g/kg/day), duration of GLN supplement (>5 days or 5 days), route of GLN administration (enteral or parenteral), ITT reporting (yes or not), blinding (single or double), Jadad score (!3 or <3), and APACHE II score (>15 or 15). For all the analyses, we tested the presence of a different effect between subgroups.
P-values <0.05 were considered significant. All the analyses were performed using ''meta'' package within R, version 3.0.2. Figure 1 depicts the flow diagram of the literature search and article selection. After duplicates removal, we identified 498 potentially relevant references through the electronic 
RESULTS
searches. A total of 414 studies were excluded screened after title and abstract evaluation, 54 articles were excluded for the following reasons: not critically ill patients (6 studies), pediatric population (12 studies), study design was not appropriate, and GLN administration in addition to other immunonutrients (14 studies). We also excluded 22 trials because they did not provide information on clinical outcomes.
Study Characteristics
Thirty RCTs were finally included in the meta-analysis with a total of 3696 patients, 1825 (49.4%) receiving GLN, and 1859 (50.6%) no GLN (control groups). The mean number of patients/study was 119.7 and 66.6% of the studies had less than 100 patients. Most RCTs were single center (24/30), 20 were double-blind and 10 were single blind, 20 trials (66.6%) reported ITT data, 4 studies (13%) were conducted in patients with acute pancreatitis, 7 studies (23.3%) in victims of trauma, 9 studies (30%) in mixed population, and 33.7% in unspecified critically ill ICU patients. Twenty-one trial used were intravenously GLN, 1 trial used both IV and enteral administration and in 8 trial GLN was supplemented enterally.
The median I.V. GLN dosage was 0.38 g/kg/day, the median enteral dosage was 25 g/day. Table 1 reports the detailed information on all trials included in the meta-analysis.
Primary Endpoints
Twenty-four trials including 2834 patients (n ¼ 1423 treated and 1411 controls) provided data on hospital mortality. The rate was 27.6% in the patients receiving GLN and 28.6% in controls. The RR was 0.93 (95% CI ¼ 0.81-1.07; P ¼ 0.325). Heterogeneity among studies was low (I 2 ¼ 10.7%, P ¼ 0.312) (Figure 2 ). No evidence of publication bias was detectable ( Figure 3A) .
ICU mortality was reported in 14 studies including a total of 2230 subjects (n ¼ 1112 treated and 1118 control). The rate was 18.0% in the patients receiving GLN and 17.6% in controls. The RR was 1.01 (95% CI ¼ 0.86-1.19; P ¼ 0.932). Heterogeneity among studies was absent (I 2 ¼ 0%, P ¼ 0.989) (Figure 4) . We detected no publication bias after the funnel plot analysis ( Figure 3B ).
Secondary Endpoints
Fifteen RCTs (2795 patients; 1402 treated and 1393 control) described the rate of infections. The incidence was 39.7% in patients receiving GLN versus 41.7% in controls. The effect of GLN was not significant (RR ¼ 0.88; 95% CI ¼ 0.76-1.03; P ¼ 0.1082). The tau-squared test for heterogeneity among studies was 56.1% with a significant P value (0.004) ( Figure 5 ). Funnel plot suggested no evidence of publication bias ( Figure 3C ). The 19 studies reporting on IHS (1314 treated patients and 1321 controls) showed a nonsignificant reduction in the patients receiving GLN (MD ¼ À1.73, 95% CI ¼ À3.76-0.29; P ¼ 0.094) with a significant heterogeneity among trials (I 2 ¼ 44%, P ¼ 0.021) ( Figure 6A ). Funnel plot suggested no evidence of publication bias ( Figure 3D) .
ICUS was described in 24 trials. The overall population analyzed was of 2816 patients (n ¼ 1395 treated and 1421 controls). The mean ICUS was 15.9 days in the GLN supplemented group versus 16.6 days in the control group. The weight MD was a nonsignificant reduction in favor of the treated group (MD ¼ À0.09; 95% CI ¼ À0.76-þ0.59) ( Figure 6B ). No heterogeneity was found ( Figure 3E ).
Subgroups Analyses
We performed different subgroup analyses to evaluate possible influences of GLN daily dosage (greater than 0.3 g/ kg/day versus less or equal than 0.3 g/kg/day), period of supplementation (more than 5 days versus less or equal than 5 days), severity of illness (APACHE II > 15 versus less or equal of 15), ITT data reporting, blindness, and quality of trials (Jadad score > 3 points versus 3 points). The results are summarized in Table 2 .
The daily dose of GLN did not affect any of the endpoints while a duration of supplementation longer than 5 days was associated with a significant reduction of infectious morbidity. A protective effect of GLN on hospital mortality and occurrence of infections was more evident when given parenterally and in less critically ill patients (APACHE II score lower or equal then 15) even though the number of studies and subjects analyzed in this last cohort was extremely limited. In the lower quality studies (Jadad 3) and lack of blindness we identified a reduction of IHS and ICUS in the treated group.
DISCUSSION
The results of the present meta-analysis suggest that GLN supplementation given to a mixed population of critically ill patients does not significantly affect primary outcome measures such as hospital and ICU mortality. The reasons for this lack of benefit are unidentified. The rational reason for giving supernormal doses of GLN in severely ills was the correlation between mortality rate and low levels of this amino acid in the plasma and tissues. 3, 4 Nevertheless, it is still unclear if the decline of circulating GLN contributes to death or is a simple marker of disease severity. Moreover, recent findings did not confirm GLN deficiency in ICU patients with shock and multiple organ dysfunction. 10 Our stratified analysis implies that hospital mortality, but not ICU mortality is decreased only in patients receiving IV GLN and in patients entering in the trials with APACHE II equal or less than 15, keeping in mind that the mortality rate of patients with such score is usually negligible.
This observation is difficult explain. It may be speculated that GLN does not have a protective role on mortality in the most severe patients because in these subjects death is mainly determined by MODS and GLN supplementation is not sufficient to affect the recovery of organ dysfunction. When disease severity is less than GLN supplementation may be effective in modulated function and protect organs.
Overall, we could not even demonstrate a protective effect of GLN on the occurrence infections. This observation is in line with what we recently showed in patients undergoing major abdominal surgery. 48, 49 These data suggest that GLN supplementation may be not so effective in preventing the injuryinduced immune deficiency as previously reported by others. 50 , 51 Yet, in subgroup analyses, infectious morbidity was significantly reduced in patients receiving parenteral GLN, for more than 5 days and with less severe disease, although these findings need to be confirmed by a future large RCT designed with these specific inclusion criteria and type of treatment. The dissimilarity of our results with previous metaanalyses [11] [12] [13] can be explained mainly by the criteria assumed to select studies and by the recent publication of other large RCTs. The present meta-analysis included 30 RCTs that enrolled patients needing intensive care treatments for several different conditions. We excluded burn injury because of the peculiarity of the patients and care elements which are not comparable with any other types of critical illnesses. In fact, these subjects are treated in specific burn units and not in generic ICUs. Moreover, the GLN effect in this specific cohort was recently reviewed and analyzed by Lin et al. 15 Bollhalder et al, 11 included 11 RCTs and they concluded with an advantage of GLN on infectious complications and hospital stay. Subgroup analyses suggested that GLN given at a dose greater that 0.2 g/kg/day and for at least 9 days was associated with a decreased mortality rate. The main differences with the present analysis are the exclusion of trials using enteral GLN and the inclusion of burn patients and the additional 9 studies 22, 23, 25, 28, 30, 32, 39, 41, 43 that we evaluated. Moreover, at the time of their publication, the results of 2 relevant RCTs 10, 14 were not yet available.
In 2014, Chen et al 12 published a meta-analysis including the REDOX trial but the authors did not split the 4 different study groups, including therefore also antioxidant supplementation. This did not allowed an independent evaluation on the effect of GLN. 10 However, the results were much more similar to ours showing no benefit of GLN on mortality and LOS, although they reported a significant reduction of infections in the treated group. Conversely, they included burn injury, 52 a quasi randomized trial, 53 and a study where GLN was given in combination with probiotics in adults and children. 54 Once more, we found 16 additional trials to be analyzed. 14, 21, 24, 26, 28, [30] [31] [32] [33] 35, 38, 39, 41, 43, 44 The systematic review by Wischmeyer et al 13 concluded that GLN was effective in reducing hospital mortality and LOS. There was also a trend toward an improved infectious morbidity rate and ICU stay. The profound divergence with our results may be attributed to the inclusion of 3 trials written in Chinese, 55-57 2 trials on burns, 52,58 and 1 published in abstract form 59 and the exclusion of 11 studies 10,14,22 -25,28,30,32,36,45 that instead we found relevant for a comprehensive review.
The most recent review by Tao et al 60 showed a moderate evidence that GLN supplementation can reduce infections and a low quality evidence that GLN supplementation reduces length of hospital stay for critically ill patients. They reported no effect on the risk of mortality and length of ICU stay in the overall results and in subgroup analyses. Again, the main difference with the present analysis is the different study selection criteria. 74 and did not include 10 studies that we found relevant. 22, 27, 28, 30, [33] [34] [35] 38, 39, 45 The present meta-analysis has several limitations. We realize that our results may have been partially skewed by including the data of the REDOX study 10 for its considerable weight on the summary of the analysis. On the contrary, it seems unreasonable to exclude such trial for its strength and scientific robustness including a large and adequate number of patient, blindness, rigorous determination and adjudication of infection, and ITT analysis, all of which augment the validity of the trial. By excluding this RCT, the results of a meta-analysis may artificially appear in favor of the treatment.
To help clinicians in the difficult decision process of accepting or rejecting a treatment, it is necessary to summarize the findings of all published RCTs evaluating the controversial consequences of GLN supplementation. It is also true that the harmful effect of GLN in the REDOX study 10 was mostly driven by a subgroup of patients who died with renal failure as suggested by a post-hoc analysis of the same authors. 75 Our findings may have also been influenced by pooling trials where GLN was provided only enteral or through both the enteral and parenteral routes. This may appear as a confounding element in the analysis because of the different metabolic pathways and utilization of GLN. In fact, when given enterally GLN should be mainly active on the gut mucosal layer being the preferential substrate for the enterocytes and intestinal immune cells. Subsequently, the intestinal barrier function, which plays a critical role in critically ills, may control permeability and protect against the occurrence of systemic infections by decreasing bacterial translocation. When given intravenously, GLN should protect tissues against oxidative stress, toxic agents, or pathologic insults by increasing gluthation production and enhancing heat shock protein expression. On the other hand, many of the potential protective mechanisms of GLN given enterally or parenterally are overlapping and quite similar. 76 For these reasons, we decided that there was a strong rational in pooling both routes.
An additional shortcoming of the present study is the lack of separate analyses by more specific ICU patient cohorts. Unfortunately in most of the trials, it was difficult or impossible to distinguish further the type of subjects admitted or the attempt to categorization would have compelled an excessive subgrouping with loss of reliability of results. Moreover, the secondary outcome is variable between the present review and the previous ones, but this may be because of subgroup analysis which may throw unexpected results based on differing inclusion criteria and study selection.
In conclusion, at present, our results do not allow to recommend GLN supplementation in a generic population of The overall effect is the relative risk (overall mortality, ICU mortality, and infectious morbidity) or the mean difference (length of stay, ICU length of stay). For each category, the sum of the studies does not add up to the total number of studies considered due to missing information. Studies with 0 counts in both groups were excluded from the analysis. CI ¼ confidence interval, EN ¼ enteral, GLN ¼ glutamine, ICU ¼ intensive care unit, IV ¼ intravenous, TPN ¼ total parenteral nutrition.
critically ill patients. Further RCTs are needed to confirm or deny the potential protective or harmful effect of GLN in more specific cohort of patients treated in ICUs. In particular, as our data suggest that GLN given parenterally, for more than 5 days, in patients with APACHE II < 15 might have a protective role. To confirm this trend a adequately powered RCT with this inclusion criteria is deserved.
